The sequential activation of up to 4 CH4 molecules by Ir + is investigated through a gasphase infrared multiple photon dissociation (IRMPD) experiment and theoretical calculations. A molecular beam apparatus was used to generate Ir + by laser ablation and expose it to controlled amounts of CH4. Product ions were irradiated with IR light from a free electron laser over the 500
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Introduction
The natural abundance of small alkanes coupled with both the demand for and finite supply of fossil fuels has provided the foundation for great interest in the catalytic activation of hydrocarbons by transition metals [1] . By examining these processes in the gas-phase, the fundamental steps that make up such catalytic activity can be explored at their most basic level, with particularly notable contributions by Schwarz [2, 3] . Such gas-phase work can provide a foundation to elucidate periodic trends, reaction efficiencies, and reaction pathways [2] [3] [4] [5] .
Armentrout has recently reviewed experimental results examining periodic trends in the reaction of methane with atomic 5d transition-metal cations, including detailed reaction energetics [5] . Among these results, the reaction of Ir + + CH4 is highly efficient as characterized in a number of experimental studies including Fourier transform ion cyclotron resonance (FTICR) mass spectrometry [6, 7] , guided ion beam tandem mass spectrometry (GIBMS) [8] , and inductively coupled plasma/selected ion flow tube (ICP/SIFT) mass spectrometry [9] . GIBMS studies report reaction efficiencies of 99 ± 20% (CH4) [8] compared to the Langevin-Gioumousis-Stevenson (LGS) collision rate [10] , similar to that of Os + (100 ± 20%) [11] and double that of Pt + (50 ± 10%) [12] . The FTICR [6, 7] and ICP/SIFT [9] studies reported efficiencies for methane activation by Ir + of 71 ± 25 % and 100 ± 30 %, respectively.
Despite extensive work on the activation of methane by atomic transition metal cations, the structural characterization of the products formed in these reactions is limited within the literature. Previously, Lapoutre et al. investigated the [M,C,2H] + products formed by the reaction of M + + CH4, where M = Ta, W, Ir, and Pt, using infrared multiple photon dissociation (IRMPD) spectroscopy [13] . This IRMPD spectroscopy study was performed with a molecular beam apparatus and irradiation from the Free-Electron Laser for IntraCavity Experiments (FELICE) beamline at the Free-Electron Lasers for Infrared eXperiments (FELIX) laboratory [14] . By comparing experimental spectra of these species with vibrational spectra generated from where the importance of including rotational band structure to reproduce the experiment was also demonstrated [15] . Extensions of this work now confirm that the [Os,C,2H] + species formed in methane activation by Os + also has the carbyne hydride structure, but now with no indications of carbene present [16] .
There are a greater number of studies within the literature that investigate vibrational spectroscopy of atomic metal and small metal cluster cations complexed with methane: Li [25] . In all of these cases, the methane ligands are intact and no C-H bond activation has occurred.
A recent study reports evidence for the formation of H-Au2-4 + -CH3 upon reacting with Au2-4 + clusters with methane at room temperature, although methane adducts remain the dominant species formed [26] .
In a study parallel to the present investigation, the sequential activation of multiple methane molecules by Pt + was examined by IRMPD spectroscopy using a molecular beam apparatus coupled to the conventional FELIX beamline [27] . Comparisons between computational and experimental IR spectra indicated that Pt + was capable of activating two methane molecules. serendipitously produced water complex. The present work also offers theoretical insight into the reaction mechanisms that are required for the formation of the assigned product structures.
Experimental and Computational Methods

Experiment
The experiments performed here used a molecular beam apparatus, previously described [28] , coupled to the conventional IR [29] beam line at FELIX. A brief description of the experimental setup follows. Ir + ions were generated by ablating an Ir sample using the second harmonic of a pulsed Nd:YAG laser. A pulse of helium cooled the ions and transported the beam through a 3 mm diameter and 60 mm long channel. Further downstream, the reactant gas was introduced into the molecular beam as a methane/helium mixture (~1:5), which led to reactions of CH4 molecules with Ir + . The extent of reaction between CH4 and Ir + was manipulated by varying the length of the reactant CH4 gas pulse. The reactive mixture containing [Ir,xC,yH] + products, was expanded into vacuum forming a molecular beam that was collimated by a 2 mm diameter skimmer and then a 1 mm diameter aperture, both of which were electrically grounded. The aperture effectively shaped the molecular beam for maximum interaction with IR laser pulses from the FELIX beamline on alternate pulses. All ions formed in the source and product ions resulting from irradiation were extracted into an orthogonal reflectron time-of-flight (RTOF) mass spectrometer (mass resolution ~ 1700) [28] and detected with a microchannel plate detector.
Irradiation from FELIX used macropulses of 10 μs with a repetition rate of 10 Hz. The macropulses can reach a power of 100 mJ and were composed of picosecond long pulses spaced by 1 ns with a bandwidth that is adjustable to 0.2 -1.0 % root-mean-square of the selected
frequency. An important difference between FELIX and FELICE is the macropulse power, where FELICE can reach power levels of 2 J in the laser cavity [29] .
Two sets of mass spectra were generated: without and with IR exposure, from which mass channel intensities Iref and Isig(v), respectively, were extracted. The spectral responses of mass channels of interest were interpreted in two distinct modes: depletion and growth. The depletion yield was calculated by taking the negative logarithm of Isig(v)/Iref at the same mass-to-charge ratio (m/z) and is proportional to the cross section for photodissociation [30] . The growth yield was obtained from -ln[Isig,P/(Isig,P + Isig,F -Iref,F)] where P represents precursor ions and F are fragment ions. For both depletion and growth modes, the obtained yields were corrected for laser power fluctuations and the wavelength was calibrated using a grating spectrometer.
Quantum Chemical Calculations
In the present study, structural elucidation is achieved through comparisons of experimental spectra with vibrational frequencies calculated for likely structures using density functional theory (DFT). The present work utilized Gaussian09 [31] for all quantum chemical calculations, which were performed on the workstations of the Center for High Performance
Computing (CHPC) at the University of Utah. The current results utilized the same approach as some of the previous IRMPD study of Pt + + x CH4/CD4 reactions [27] and a similar approach as that of Lapoutre et al. [13] in their IRMPD study of the 5d transition metal M + + CH4 reactions.
Geometry optimizations were performed with the B3LYP hybrid functional [32, 33] and the def2-TZVPPD basis set [34] , which is a balanced triple-ζ valence basis set with double polarization and diffuse functions on all elements. The Stuttgart-Dresden small-core effective core potential (ECP), commonly abbreviated SDD, was used for the Ir atom [34] , so that its 5s, 5p, 6s, 6p, and 5d
electrons are explicitly treated. Additional single point energy calculations were performed at the MP2(full)/def2-TZVPPD level of theory (where full indicates all electrons are included in the correlation) using the B3LYP/def2-TZVPPD optimized geometries. All reported single point energies include corrections for zero-point energies (with frequencies scaled by 0.9885) [35] .
Future references within the text to these B3LYP/def2-TZVPPD and MP2(full)/def2-TZVPPD//B3LYP/def2-TZVPPD single point energies will be abbreviated as B3LYP and MP2, respectively.
Comparisons between experimental and theoretically generated spectra occur after convoluting the theoretical spectra with a Gaussian line shape having a width of 20 cm -1 (fwhm ≈ 50 cm -1 ). The theoretical frequencies were scaled to help account for deficiencies in the calculated vibrations, anharmonicities, and multiphoton effects. In previous work, FELICE results for
[Ir,C,2H] + used a scaling factor of 0.939 [13] , whereas the Pt + + x CH4, x = 1 -4, FELIX study used a scaling factor of 0.983 to get the best overlap with theoretical results [27] . The present work favors a scaling factor of 0.955 to most effectively reproduce the experimental spectra.
Comparison of the experimental and theoretical spectra provides tentative assignments of the structures of several species, as described below. Validation of these assignments can be accomplished by understanding the processes required for forming these products. Therefore, reaction coordinate pathways (RCPs) were calculated to elucidate the processes required for formation of the assigned structures of the experimental spectra. These reaction pathways used B3LYP/def2-TZVPPD geometry optimizations and zero-point energy corrected B3LYP and MP2 single point energies with the def2-TZVPPD basis set. These were calculated for both singlet and triplet surfaces, whereas quintet spin RCPs were not investigated because of the much higher energies associated with these species.
All energy values within this work are reported at 0 K, consistent with previous IRMPD work [13, 15, 16, 27] . To verify that relative 298 K Gibbs energies should not differ significantly from these values, the Gibbs energies for five [Ir,3C,10H] + isomers were explicitly calculated.
These results showed that relative 298 K Gibbs energies do not change the energetic order, with values changing by only 0.02 -0.10 eV.
Experimental Results
The reaction of Ir + + x CH4, where x = 1 -4, produces a number of different product ions.
Assignment of the various m/z peaks is complicated by the isotopic distribution of Ir, which has isotopes at 191 (37.3%) and 193 (62.7%) [36] . Contributions from 13 C species are not considered in the present analysis because even for the reaction of Ir + with 4 CH4, the likelihood of 0, 1, 2, 3, and 4 13 C species is 96.1, 3.9, and < 0.01 %, respectively. An example mass spectrum of the Ir + +
x CH4 products with and without exposure to 1015 cm -1 irradiation is shown in Fig. 1 . A list of likely molecular formulas for all observed mass channels can be found in Table S1 .
Assignment of these mass spectral peaks can be achieved through knowledge of the isotopic distribution coupled with verification by the spectroscopic results and reaction pathways.
In Fig. 1 than m/z 257. Low intensity products were also observed in the x = 5 m/z range but were not been investigated further in the current work because of mass overlap and additional water contamination.
Depletion and growth yields for the aforementioned x = 2 -4 products can be seen in the Supporting Information, Figs. S1 -S4, along with further discussion on how elemental compositions were assigned on the basis of isotopic distributions. Table S2 .
Comparisons of Theoretical Results to Experimental Spectra
Structures for the five species of interest were explored theoretically for spin multiplicities In general, the most stable systems have several covalent bonds formed through the activation of CH4, and therefore have spin multiplicities of 1, whereas the 3 and 5 multiplicity counterparts are typically higher in energy. In a few instances (specifically mentioned below), calculations from the current work were unable to find stable geometries for a specific spin multiplicity despite our best efforts. Table 1 provides a list of the relative energies of all structures in Fig. 2 , whereas a more comprehensive list of relative energies can be found in Table S3 Fig. 2a , where it is compared with B3LYP calculated spectra for select low-lying isomers. methane is unlikely to be influential in the present study. Indeed, the surface shown in Fig. 3 shows that 3 TS1/2 is even higher in energy than this reactant, such that it would not activate another CH4
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even if it were formed.
Overall, the RCPs of Fig. 3 where the latter species would be a minor contributor because its triplet precursor is a minor product. Double dehydrogenation products on the singlet surface are also energetically accessible and these pathways seem likely to form Ir(CH2)2 + and IrCH(CH3) + .
Reaction Coordinate Pathways for the Reaction of Ir + with 3 CH4
The singlet RCP for addition of a third methane to the iridium cation is shown in Fig. 5 with structures in Fig. 6 . (Triplet surfaces and structures can be found in Figs. S8 and S9, respectively.) Relative energies are listed in Table 3 for both the singlet and triplet surfaces. These
RCPs react methane with the likely products from Fig. 3 ). These pathways may also contribute to the formation of the [Ir,3C,8H] + species observed experimentally, but are higher in energy than the HIrCH2(CH3) + + CH4 pathway described above, as shown in Fig. 5 .
On the triplet surface, shown in Fig. S8 with structures in Fig. S9 Table S5 (select values in Table 4 ) and are shown in Table S6 (with select values in Table 4 ) and Fig. S11 shows each structure adjacent to their respective predicted IR spectrum. In all cases where a stable singlet structure was found, the singlet spin multiplicity was lowest in energy. The six lowest energy structures found (all singlets) require formation of a C-C bond, most in the form of ethene C2H4, once as C2H5, and once as C2H3, Table S6 . The lowest energy isomer found where no C-C coupling occurs is found at 1.11/0.63 eV above the GS. For structures containing intact ethene, it would be intuitive to expect its loss upon IR excitation, resulting in growth in the m/z 221 channel; however, the distinct peak at 1015 cm -1 is not reproduced in the m/z 221 growth spectrum, indicating that this is not a dissociation channel.
This strongly suggests that some rearrangement must occur from the theoretically predicted GS, resulting in the observed loss of either CH4 or H2, which will be discussed below. Table 5 with the RCPs seen in Fig. 9 and structures shown in Fig. 10 . 
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The Table S7 .
Discussion of Experimental and Theoretical Results
The experimental results show that the sequential reaction of CH4 with atomic Ir + leads to a number of products. As previously documented [6] [7] [8] [9] 13] , the initial reaction with a single methane involves efficient dehydrogenation, leading to a dominant product of HIrCH + ( 1 A′), with minor amounts of IrCH2 + ( 3 A2). Under the present experimental conditions where excess methane is introduced, addition of a second methane leads to both single and double dehydrogenation products in comparable amounts. These processes are indicated in Fig. 3 , which suggests that the dominant singlet species formed should be HIrCH2 ( As noted above, a small amount of this species cannot be ruled out spectroscopically. As shown in Fig. 8a, a Table S8 .
These results indicate that loss of C2H4 is a higher energy process than dehydrogenation by 0.89/0.98 eV and CH4 loss pathways by 0.71/1.52 eV, consistent with the experimentally observed pathways. A similar rearrangement and loss of CH4 was previously observed in the IRMPD study of Pt(CH3)2 + [27] .
Conclusion
The present results illustrate methane activation and dehydrogenation in the sequential , respectively. Importantly, there is compelling evidence for C-C bond formation in the sequential reaction with four CH4 molecules.
Supporting Information
Discussion of the growth and depletion spectra observed, along with the spectrum and structures of the [Ir,O,3C,12H] + species, is included. Table S1 provides possible identities of all mass peaks observed and Table S2 provides the pathways between these. Tables S3 -S7 Figure S8 shows the triplet pathways for reaction of Ir(CH3)2 + + CH4 with structures shown in Figure S9 . Figure S13 shows reaction coordinate pathways for decomposition of Ir(CH3)2(C2H4) + _Cs.
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